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Abstract
Precise timing and presentation of stimuli is critical in vision research, still, the limiting factor in
successful recognition is often the monitor itself that is used to present the stimuli. The most
widespread method is the use of monitors controlled by personal computers. Traditionally, most
experiments used cathode-ray tubes but they are more and more difficult to access, and instead,
liquid–crystal displays are getting more and more popular. The two types have fundamentally
different working principles and limitations in displaying the stimulus.
In our experiments, the temporal precision of the stimulus presentation was in focus.
We investigated whether liquid–crystal displays, which are not considered to be fit to display
fast successive stimuli, can represent an alternative choice for cathode-ray tubes. We used the
double flash and the flicker illusion to compare the technical capabilities of the two monitor types.
These illusions not only do require a precise timing but also a very short exposure to the stimuli.
At the same time, the interstimulus interval is also of extreme importance. In addition, these
illusions require peripheral stimulation of the retina, which is more sensitive to the temporal
aspects of the visual stimulus. On the basis of previous studies and our own psychophysical
results, we suggest that liquid–crystal displays might be a good alternative for precise, frame-to-
frame stimulus presentation even if parts of the stimuli are projected on the peripheral retina.
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Introduction
Scientiﬁc research requires a wide variety of equipment and instruments. We often use them
without fully understanding every detail of their operating principle, although knowing some
of the basics can help us choose the instruments appropriately, thus we can avoid interference
with the trueness and validity of the data.
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In visual research, stimulus presentation often needs precise timing and accurate stimulus
display. However, the instruments used for stimulus presentation have several limitations.
In the past, tachistoscope, digital light projection, or mechanical shutters were used to present
visual stimuli, but these instruments were either too complicated or expensive to be used
widely and eﬃciently (Fischmeister et al., 2010; Packer et al., 2001; Wiens et al., 2004). Simple
stimuli (e.g., grids) can be displayed without delay with the use of oscillators. However, their
application is limited to simple stimuli only, and they cannot be used to present more
complex ones.
As a consequence, the experimental design of visual stimulus presentation usually consists
of a monitor controlled by a personal computer (PC). Up to now, cathode-ray tube (CRT)
monitors have been used in most cases, and only rarely were liquid–crystal display (LCD)
ones applied. Since the two types of displays have fundamentally diﬀerent technical
background, they set diﬀerent limits for visual stimulus presentation.
In cinemas, the illusion of motion is created by projecting a quick series of pictures called
frames. Refresh rate, also called frames in a second, is the number of times that a display is
illuminated in a second. Refresh rate is often used to describe the duration of a single frame.
In case of a refresh rate of 60Hz, it is 16.7ms. Due to the diﬀerent technical background,
the actual duration of the presented stimulus can diﬀer from the intended duration calculated
by the monitor’s refresh rate. To display a frame on a CRT monitor, an electron-beam from
the cathode collides with the anode, which is a luminescent layer divided into pixels by a
mask. The electron-beam colliding with the luminescent layer emits light. The duration of
light-emission depends on the substances that are used in the luminescent layer. Usually in
CRT monitors, 22P, 15P, 31P are used, which provides an extremely quick increase in
luminance (reaching its maximum in 1.5ms) and a relatively steep exponential decrease
afterward (Sherr, 1993). To display a frame, the electron-beam is required to scan the
whole screen starting from the top left-hand corner to the bottom right-hand corner. This
means that the whole frame is never displayed with the maximum luminance, since by the
time the bottom of the screen reaches the maximum luminance, the top of the screen starts to
fade. In contrast, LCD monitors display the whole frame at maximum luminance as long as
the image stays the same. However, due to their operating principle, ghost images can be seen
if the displayed objects are moving fast. This relatively long latency of frame changing may be
a disadvantage when fast moving or rapidly changing stimuli are used (Becker 2008; Someya
& Sugiura, 2007; Watson, 2010). This is true for most of the LCD monitors (as e.g., our one).
There are techniques, however, like dynamic capacitance compensation (DCC) and blur
reduction, where the frame-by-frame changes in luminance has to be considered (Elze &
Tanner, 2012). In LCDs, the presented frame depends on the arrangement of the liquid–
crystal, which can be controlled by electric current. Each LCD pixel is controlled by a
transistor. The charge of the capacitors does not change unless a new, diﬀerent frame
requires it. This means that LCDs do not ﬂicker but show the same frame until set
otherwise. In other words, the pixels do not ﬂash only once as in the case of a CRT
monitor, but they stay on the screen continuously. This might be one of the disadvantages
of LCDs: the old frame fades slowly on the new one appearing.
Some ‘‘laziness’’ of LCD monitors was solved with the use of DCC, which substantially
accelerated the temporal characteristics of stimulus presentation (Lagroix, 2012). Dynamic
capacitance compensation resulted in very precise stimulus presentation by making LCDs
even better, although these techniques might also produce stimulation artefacts (Elze &
Tanner, 2012).
LCDs have numerous advantages over CRT monitors. Apparently, LCD monitors are
smaller in size and become cheaper day-by-day; moreover, LCDs can be used in portable
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devices. In contrast to LCDs, CRT monitors produce electromagnetic radiation, which can
appear as noise in electrophysiological recordings. Since the noise is correlated to the stimuli,
it is not possible to average it out. In addition, the shrinking of the market for CRT monitors
makes them more and more diﬃcult to purchase.
The focus of this study is aimed at the precision and accuracy of the visual stimulus
presentation of the two types of monitors. LCDs are considered less appropriate to display
changing stimuli quickly and precisely. We wanted to know whether LCD monitors can
replace CRT monitors in visual research where precise timing and accurate stimulus
display are required.
Earlier psychophysical comparisons have shown that despite the diﬀerences in the way the
two monitor types display stimuli, the perception is identical even with very short (one frame)
presentation times (Kihara, Kawahara, & Takeda, 2010). On one hand, Wiens et al. (2004)
using a thin-ﬁlm-transistor display and CRT monitors found that perceptual diﬀerences
originating from the diﬀerences in maximal luminance, rise time (6–9ms) and observed
duration were not signiﬁcant. The displayed stimulus did not reach the maximal luminance
even at short stimulus presentation times, and some of the stimuli presented for one frame
duration, at a refresh rate of 85Hz, were not displayed at all.
On the other hand, when Klein, Zlatkova, Lauritzen, and Pierscionek et al. (2013) tested
contrast sensitivity using static and ﬂickering gratings, they reported no diﬀerences in
comparison with CRT monitor. Furthermore, Lagroix et al. (2012) suggested that LCD
monitors should be used for psychophysical paradigms when short stimulus presentation
times are needed (e.g., iconic memory, temporal integration).
In our work, we tested further possible diﬀerences between the two techniques by using a
unimodal and a multimodal illusion.
During ﬂicker illusion (Chatterjee, Wu, & Sheth, 2011), the inducer stimuli (one to four
ﬂashes of a white disc) can interfere with the number of perceived target stimuli (white disc
ﬂashing only once), which leads to the perception of more than one ﬂash of the target
stimulus. The underlying psychophysical and neurological mechanisms are not yet clear,
although ﬂicker illusion is considered robust, since it can be elicited even when the target
and inducer stimuli are non-collinear, of opposite contrast polarity, located in diﬀerent visual
hemiﬁelds, or presented dichoptically (Csibri, Kaposvari, &, Sary, 2014).
Double ﬂash and fusion illusion (Shams, Kamitani, &, Shimojo, 2000) can be elicited
if one or two ﬂashes are presented simultaneously with one or two brief tones. Double
ﬂash illusion appears if one ﬂash and two tones are presented; the second tone triggers the
illusion of a second ﬂash (Shams et al., 2000). In the case of fusion, the setting is reversed.
When two ﬂashes and one tone are presented, the tone can induce the perception of the two
ﬂashes merging into one (Andersen, Tiippana, & Sams, 2004; Watkins, Shams, Josephs, &
Rees, 2007).
These illusions share similarities with the earlier-mentioned studies, in that both of them
require very precise, frame-by-frame-controlled stimulus presentation and that it is critical
that after stimulus oﬀset the stimulus should no longer be visible. Besides this, the illusion has
a feature that is beneﬁcial for us: decreasing the contrast values of the stimuli used for the
double ﬂash illusion leads to a reduced number of reported illusions (Pe´rez-Bellido, Ernst,
Soto-Faraco., & Lo´pez-Moliner, 2015). This way, using short stimulus presentation times we
might ﬁnd diﬀerences between the two techniques since, as mentioned earlier, LCD monitors
may not reach maximum luminance due to the relatively long rise time (Wiens et al., 2004). In
addition, the ‘‘inducer’’ stimulus used to trigger the illusion is presented not in the focus of
attention, in the fovea, but at the peripheral retina. Here initial visual processing is performed
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mainly by the rods, which might be more sensitive to the diﬀerences of the temporal aspects
of the stimulation.
Subjects and Methods
Experiment 1: The Flicker Illusion
Participants. Eleven (nine females, mean age: 25.72) healthy volunteers participated in the
study. They had normal or corrected vision, with no known neurological disorders. Each
one signed an informed consent before the test. The experiment fulﬁlled the requirements of
the Ethical Committee for Experimental Procedures of the University of Szeged.
Design and visual stimuli. Subjects were seated in a sound-attenuated dark room. Their head
was resting on a chin and forehead support. This is important since in the case of LCD
monitors light intensity may change when the visual angle of the observer varies (Ghodrati,
Morris, & Price, 2015). The eyes of the subjects were 57 cm away from the computer screen
and the speakers. The stimuli were presented on both CRT (ViewSonic Professional Series
PF815) and LCD (Samsung SyncMaster 932B) monitors. The diagonal of the CRT monitor
was 21 in. and the resolution was 1280 1024 pixels at 60Hz. The diagonal of the LCD
monitor was 19 in. and the resolution was set to 1280 1024 pixels at 60Hz. The monitor
was not equipped with overdrive or DCC. Rise time and fall time were calculated from black
to white transitions (RBG 0, 0, 0–255, 255, 255), the average rise time (i.e., the time needed to
change the intensity between 10 and 905 of the maximal intensity value) was 19.3ms, the
average fall time was 3.2ms. The experiments were run in MATLAB (MathWorks, Natick)
with the use of Psychophysics Toolbox extension (Brainard, 1997; Pelli, 1997).
The target and inducer stimuli were both high-contrast white discs (63 cd/m2) on a grey
(33 cd/m2) background. The visual angle of both stimuli was 1. The target stimulus was in
the middle of the screen. The inducer stimuli were placed at 7 eccentricity, horizontally to the
right. The subjects were asked to ﬁxate the target stimulus. Fixation mark was not presented.
The presentation of the trial started with a grey background. After 200ms, both the target
and inducer stimuli ﬂashed once for one frame (16.7ms) simultaneously. To induce the
illusory ﬂashes of the target stimulus, further (two, three, or four) ﬂashes of the inducer
stimulus were presented in Conditions 2, 3, and 4, respectively. Between two ﬂashes, only
the grey background was displayed for 4 frames (67ms) (Figure 1). After the presentation
of ﬂashes, the subjects were asked to press a number (1–4) on the keyboard according to how
many ﬂashes of the target stimuli they saw. No feedback about the correctness of the answer
was provided.
The presentation of the trial started with a grey background. In Condition 1, the target
and inducer stimuli ﬂashed once for one frame simultaneously. The visual angle of both
stimuli was 1. The target stimulus was in the middle of the screen. The inducer stimuli
were placed at 7 eccentricity, horizontally to the right. To induce the illusory ﬂashes of
the target stimulus, further (two, three, or four) ﬂashes of the inducer stimulus were presented
in Conditions 2, 3, and 4, respectively. Between two ﬂashes, only the grey background was
displayed for 4 frames (67ms). After the subjects’ response, grey background was presented
for 1,000ms.
Based on the number of ﬂashes of the inducer, four conditions were presented: Condition
1, when both the target and the inducer stimuli ﬂashed once; Condition 2, when the target
ﬂashed once and the inducer twice; Condition 3, when the target ﬂashed once and the inducer
three times; Condition 4, when target ﬂashed once and the inducer stimuli four times.
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Experiment 2: Double Flash
Participants. Twelve (four females, mean age: 28.25 years) healthy volunteers participated in
the study.
Design and visual stimuli. The experimental design concerning the speciﬁcations of the monitors
and the setting was the same as what we used in Experiment 1. The two speakers were
positioned on both sides of the monitor at 25 from the ﬁxation point.
All stimuli were presented in a uniform grey background (8.9 cd/m2). White discs
(63 cd/m2) were used as a central ﬁxation point and as peripheral visual stimulus. In both
positions, the visual angles of the displayed discs were 1.5. The ﬁxation point was presented
at the centre of the screen and the stimulus was presented at a 9.25 eccentricity in the same
horizontal plane (Watkins, Shams, Tanaka, Haynes, & Rees, 2006).
As in previous studies that used the double ﬂash paradigm (Kaposvari, Bognar, Csibri,
Utassy, & Sary, 2014), there were six conditions varying the number of ﬂashes and tones: one
ﬂash without a tone, one ﬂash with one tone, one ﬂash with two tones, two ﬂashes without a
tone, two ﬂashes with one tone, and two ﬂashes with two tones (Figure 2). Each condition
was presented 30 times in a pseudorandom order. All conditions were presented on both
types of monitors to each subject in a Latin square design.
The stimuli were presented in a grey background according to the given conditions. V and
A indicate the visual and auditory stimuli, respectively. Condition 1: one ﬂash was presented
without a tone; Condition 2: one ﬂash was presented with one tone; Condition 3: one ﬂash
was presented with two tones; Condition 4: two ﬂashes were presented without a tone;
Condition 5: two ﬂashes were presented with one tone; Condition 6: two ﬂashes were
presented with two tones. The duration of visual stimuli and the tones was 16.7ms each.
The SOA for the ﬂashes and the tones was 85ms. After the subjects’ response, grey
background was presented for 1,000ms.
The presentation of the trial started with a grey background. In this background,
depending on the given condition, after 200ms one or two discs were presented for one
frame (16.7ms) with one or two tones. The stimulus onset asynchrony (SOA) between
Figure 1. Design of the flicker illusion task.
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two ﬂashes was 85ms (4 frames). The duration of the tones (3.5 kHz, 70 dB SPL) was 10ms.
The ﬁrst tone was presented at the same time as the ﬁrst ﬂash. The stimulus onset asynchrony
between the two tones was 85ms. It means that the visual and auditory stimuli were
presented simultaneously. In many studies, visual and auditory stimuli were presented
slightly shifted in time, but according to Watkins (Watkins et al., 2007), there is only a
minor diﬀerence between the two experimental designs.
After the presentation of ﬂashes and tones, the subject was asked to decide whether one or
two discs were displayed irrespectively of the tones, then press either the left (one ﬂash) or the
right (two ﬂashes) arrow on the keyboard with their dominant hand. After the subject pressed
one of the buttons, the grey background was displayed (without discs or ﬁxation point) for
1,000ms as inter-trial interval. No feedback about the correctness of the answer was
provided.
Statistical Analysis
Two-way ANOVA with Tukey’s post-hoc test was used for the statistical evaluation.
Diﬀerent subjects have diﬀerent levels of criteria regarding decisions; thus, in case of
uncertainty they tend to report the absence or the presence of the stimuli diﬀerently. To
eliminate this, we used the signal detection theory to interpret our data. This method can
illustrate the sensitivity of subjects toward the visual stimuli during decision. Sensitivity (d0)
can be expressed as the diﬀerence between the inversed cumulative normal of ‘hit’ (H) and
‘false alarm’ (F):
d 0 ¼ z Hð Þ  z Fð Þ
The higher the absolute value of d0, the more certain the decision was. ‘Hit’ means that the
subject correctly identiﬁed the second ﬂash; ‘false alarm’ means that the subject reported one
ﬂash as two. When the subjects correctly identiﬁed the conditions with only one ﬂash, we
recorded it as ‘‘correct rejection’’. When one ﬂash was reported as two, we accepted it as a
Figure 2. Design of the double flash illusion task.
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‘‘miss’’. The control value d0 was calculated by using two conditions without tones (one ﬂash
and two ﬂashes). This condition-pair is referred to as ‘‘unimodal’’, since there were no
auditory stimuli presented during these conditions. We used two conditions with one tone
(one ﬂash with one tone and two ﬂashes with one tone) for fusion and two conditions with
two tones (one ﬂash with two tones and two ﬂashes with two tones) for the double ﬂash. The
former pair of conditions (one or two ﬂashes with one tone) is referred to as ‘‘fusion’’, and the
latter pair of conditions (one or two ﬂashes with two tones) as ‘‘double ﬂash’’.
Results
Experiment 1: Flicker Illusion
No interaction was found between the ratio of the correct answers and the types of the
monitors (F(3, 80)¼ 0.014, p¼ 0.997). Furthermore, no signiﬁcant diﬀerences were found
in the ratio of correct answers between the monitor types (F(1, 80)¼ 0.209, p¼ 0.648).
Results of the eﬀect size analysis are presented in Table 1.
Signiﬁcant diﬀerences were found between the diﬀerent conditions (F(3, 80)¼ 11.18,
p< .001). Tukey’s multiple comparisons test was used to compare the eﬀect of the monitor
types in each condition. Statistical results of the test are shown in Figure 3.
The diagram shows the means and standard errors of correct answers and the signiﬁcant
results. N¼ 11, signiﬁcant changes (p< .05) are indicated by an asterisk. Note that the
purpose of this study was to see whether subjects are more likely to report illusory ﬂashes
if the inducer ﬂashes 2, 3, or 4 times. We wanted to see whether a higher number of real
ﬂashes result in a higher number of illusions. This approach was chosen since the frequency
of ﬂashes in this study is simply too high to be counted properly.
The ratio of correct answers in Condition 1 was 0.8788. Between Conditions 1 and 2, the
decrease is visible, although our statistical method found no signiﬁcance: 0.8788 versus
0.4758, (p¼ .086). Comparing Condition 1 with Conditions 3 and 4, the decrease was
found to be signiﬁcant: 0.8788 versus 0.4363 (p¼ .0412) and 0.8788 versus 0.3727
(p¼ .0108), respectively (Figure 3). Similar results were found in the use of the LCD
monitor. The ratio of correct answers in Condition 1 was 0.8515. Although the decrease
between Conditions 1 and 2 is visible, statistical methods found no signiﬁcance: 0.8515 versus
0.4636 (p¼ 0.1117). The decrease in the ratio of correct answers comparing Condition 1 with
Table 1. Results of the Effect Size Analysis.
Double flash
illusion
unimodal d’
Double flash
illusion
fusion d’
Double flash
illusion
double flash d’
Cohen’s d 0.131 0.015 0.016
Flicker illusion
Condition 1
Flicker illusion
Condition 2
Flicker illusion
Condition 3
Flicker illusion
Condition 4
Cohen’s d 0.044 0.095 0.058 0.083
Double flash
illusion
Condition 1
Double flash
illusion
Condition 2
Double flash
illusion
Condition 3
Double flash
illusion
Condition 4
Double flash
illusion
Condition 5
Double flash
illusion
Condition 6
Cohen’s d 0.073 0.042 0.073 0.103 0.060 0.054
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Conditions 3 and 4 showed the following: 0.8515 versus 0.4000 (p¼ .0344) and 0.8515 versus
0.3212 (p¼ .0062).
Experiment 2: Double Flash Illusion
No interaction (F(5, 132)¼ 0.218, p¼ .954) and no statistical diﬀerences (F(1,132)¼ 0.020,
p¼ 0.887) were found in the ratio of the correct answers between the two types of monitors.
The eﬀect sizes are shown in Table 1. Signiﬁcant diﬀerences were found between the diﬀerent
conditions (F (5,132)¼ 31.70, p< .001). Tukey’s multiple comparisons test was used for post-
hoc analysis. In the double ﬂash condition (one ﬂash and two tones), the ratio of correct
answers was signiﬁcantly lower in both CRT and LCD monitors than in any other condition.
The ratio of correct answers in the double ﬂash condition was 0.3695 when we used the CRT
monitor. We found the ratio of correct answers in the double ﬂash condition lower compared
with the condition of one ﬂash without a tone: 0.8945 versus 0.3695 (p< .0001). Similar
results were found in the case of Condition 2 (one ﬂash and one tone) and Condition 4
(one ﬂash without tone): 0.8945 versus 0.3695 (p< .0001) and 0.9612 versus 0.3695
(p< .0001), respectively. Condition 4 (two ﬂashes without a tone) and Condition 6
(two ﬂashes and two tones) showed the previous diﬀerences: 0.8585 versus 0.3695
(p< .0001) and 0.9112 versus 0.3695 (p< .0001), respectively. The diﬀerence between the
double ﬂash (one ﬂash and two tones) and the fusion condition (two ﬂashes with one
tone) was noticeable but not as signiﬁcant as it could be seen between double ﬂash
condition (Condition 3) and Conditions 1, 2, 4, and 6. Similar results were found in case
of the LCD monitor as well. The ratio of correct answers in the double ﬂash condition was
0.3361 when the LCD monitor was used. The ratios of correct answers in the unimodal
conditions (one and two ﬂashes without a tone) were higher than in the condition of the
double ﬂash: 0.8612 versus 0.3361 (p< .0001) and 0.9139 versus 0.3361 (p< .0001),
respectively. Condition 2 and Condition 6 showed the previous diﬀerences compared with
the double ﬂash condition: 0.9418 versus 0.3361 (p< .0001) and 0.8863 versus 0.3361
(p< .0001), respectively. Similar to what was found when we used a CRT monitor, the
ratio of correct answers in the fusion condition were higher compared with double ﬂash in
LCD but not as signiﬁcant as in other conditions 0.7196 versus 0.3361 (p¼ .003). Regarding
the fusion illusion, the results were not apparent. The ratio of correct answers in the fusion
Figure 3. Results of Experiment 1 acquired by using two-way ANOVA.
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condition, when two ﬂashes and one tone were presented to the subjects, was seemingly lower
than in the other conditions with the exception of the double ﬂash condition in case of both
CRT and LCD monitors; this decrease did not prove to be signiﬁcant.
Using the CRT monitor, the ratio of correct answers in the fusion condition (Condition 5)
was 0.6918. Comparing with Condition 1, when the ratio of the correct answers was 0.8945,
the diﬀerence was small (0.6918 vs. 0.8945, p¼ 0.3248). The data were similar in Conditions 4
and 6: 0.6918 versus 0.8585, p¼ 0.6311 and 0.6918 versus 0.9112, p¼ 0.2147, respectively.
However, the comparison of the ratio of correct answers in Condition 2 with the condition of
fusion showed statistically signiﬁcant diﬀerence, although not as great as in the condition of
the double ﬂash: the diﬀerence was 0.6918 versus 0.9612 (p¼ .0435). Similar results were
found in the case of the LCD monitor. The decrease in the ratio of correct answers in the
fusion condition was also visible when CRT monitor was used, although the statistical
analysis found no signiﬁcant diﬀerence. The ratio of correct answers in the fusion
condition was 0.7196. Compared with Condition 1, the diﬀerence was not marked: 0.7196
versus 0.8612 (p¼ .8292). Similar results were found when Conditions 4 and 6 were compared
with the fusion condition: 0.7196 versus 0.9139 (p¼ .3905) and 0.7196 versus 0.8863
(p¼ .6319), respectively. The diﬀerence was more apparent between Condition 2 and
fusion condition; nevertheless, no signiﬁcant diﬀerence was found: 0.7196 versus 0.9418
(p¼ .1993). Statistical results are presented in Figure 4.
No signiﬁcant diﬀerences or interaction was found between the ratio of correct answers
and monitor types. The third condition (illusory double ﬂash condition) diﬀered from all the
others in both monitor types. The diagram shows the means and standard errors of correct
answers and the signiﬁcant results. N¼ 12, signiﬁcant changes (p< .05) are indicated by an
asterisk. Results of the application of signal detection theory to our data are shown in
Figure 5.
The diagram shows the means and standard errors of d0-values and the signiﬁcant results.
N¼ 12, signiﬁcant changes (p< .05) are indicated by asterisk.
Comparing the two types of monitors regarding the conditions revealed that there was no
interaction (F(2, 66)¼ 0.099, p¼ 0.905) or statistical diﬀerences (F (1, 66)¼ .093, p¼ 0.761)
between the means of d0-values and conditions in the use of CRT and LCD monitors.
The calculated eﬀect sizes are presented in Table 1. No signiﬁcant diﬀerence was found
Figure 4. Results of Experiment 2 acquired by using two-way ANOVA.
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between the unimodal conditions 3.320 versus 3.057 (p¼ .9946). Similar data were found in
the case of fusion condition: 2.976 (CRT monitor) versus 2.945 (LCD monitor) (p> .9999).
The diﬀerence between the mean of d0-values of the double ﬂash condition in the two types of
monitors was found similar: 1.136 (CRT) versus 1.169 (LCD) (p> .9999). Signiﬁcant
diﬀerences were found between the diﬀerent conditions (F (2,66)¼ 20.45, p< .001). Tukey’s
multiple comparisons test was used to compare the eﬀect of the monitor types in each
condition. Using a CRT monitor, the mean of d0-values of double ﬂash (1.136) revealed
diﬀerence compared with the unimodal condition (1.136 vs. 3.320, p¼ .0005) and fusion
condition (1.136 vs. 2.976, p¼ .0052). The ﬁndings were similar in case of an LCD
monitor: the mean of d0-values of double ﬂash (1.169) showed diﬀerence when compared
with the unimodal condition (1.136 vs. 3.057, p¼ .0038) and the fusion condition (1.136 vs.
2.945, p¼ .0077).
The means of d0-values of fusion condition showed no diﬀerence from the unimodal
condition in either CRT or LCD monitors: 2.976 versus 3.320 (p¼ .9817) and 2.945 versus
3.057 (p> .9999), respectively.
Discussion
As described earlier, in visual research, the presentation of stimuli requires precise timing and
accurate stimulus display not only during stimulus presentation but between them in the
interstimulus interval as well. Previous research has been conducted to assess whether LCDs
are suitable equipment (Elze, 2010a, 2010b; Elze & Tanner, 2012; Wang & Nikolic, 2011).
The question is of high importance due to the fact that LCDs have many advantages
compared with CRT monitors, and there is no suﬃcient evidence that results gained by
using CRT monitors can be compared unconditionally with those acquired by using LCD
monitors.
Previous research mainly focused on the physical characteristics, temporal, and technical
parameters (fall time, rise time, maximal luminance, initial latency, and observed duration) of
the two types of monitors during visual stimulus presentation tasks (Elze, 2010a; Elze &
Tanner, 2012; Lagroix et al., 2012; Wang & Nikolic, 2011). Recently, new technologies like
DCC and overdrive have been introduced to LCD monitors. Some studies investigating
visual perception (backward masking, iconic memory, contrast sensitivity, intentional
blink, etc.; Kihara et al., 2010; Lagroix et al., 2012; Wiens et al., 2004) emphasized
temporal diﬀerences in psychophysical paradigms. Our monitor, however, did not have
Figure 5. Results of the test acquired with signal detection theory.
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any of the advances on purpose: we thought that if an ‘‘everyday’’ monitor is capable of fast
and accurate stimulus presentation, the new ones with overdrive or DCC certainly will. We
aimed to assess whether the technical diﬀerences between the two types of monitors aﬀect the
outcome of visual and bimodal illusory experiments in practice. It is critical for the illusions,
that neither the inducer nor the stimulus be visible after stimulus oﬀset since the presentation
time and interstimulus interval might aﬀect the temporal integration, which is the essence of
the illusion.
The most important result of our study using ﬂicker illusion is that there were no
interactions or signiﬁcant diﬀerences in the ratio of correct answers between the two types
of monitors in either condition. It further supports our suggestion that LCD monitors may be
appropriate for certain tasks that require precise stimulus presentation.
As it has been mentioned earlier, statistical analysis found no signiﬁcant diﬀerences
between Conditions 1 and 2 when we used both CRT and LCD monitors despite the
apparent tendency seen in Figure 3. It might be due to the fact that two out of the 11
subjects probably did not perceive illusory ﬂashes based on their answers during the task.
We suspect that these two subjects had better than average mathematical or musical skills or
can process visual stimuli faster on the temporal scale, which may interfere with their
perception of illusory ﬂashes. Since the small number of participants has already limited
our results, we did not want to exclude them from the study. An increased number of
participants would allow the exclusion of the ones that do not see illusory ﬂashes without
risking false statistical interpretations.
There is a noticeable tendency of decrease in the ratio of correct answers as the number of
inducer ﬂashes increases. However, this could not be supported by statistical analysis,
probably due to the high-standard deviations and errors. An increased number of
participants and the exclusion of the ones that do not see the illusory ﬂashes would
hopefully lead to reliable evidence.
Two major ﬁndings of the double ﬂash study should be emphasized. First, there is an
apparent and signiﬁcant decrease in the ratio of correct answers in the double ﬂash
condition (one ﬂash and two tones) meaning that the illusion could be elicited on both
types of monitors. It might be argued regarding the illusion that at short presentation
times, because of the relative long rising time of the LCDs, the stimulus does not reach
maximum luminance. Decreasing the contrast in the double ﬂash illusions might result in
decreasing the number of illusions (Pe´rez-Bellido et al., 2015). However, we found small
eﬀect size and no diﬀerences between the monitor types in this condition. Second, we
found no interactions, nor statistical diﬀerences between CRT and LCD monitors in any
of the six conditions (eesults of the eﬀect size analysis presented in Table 1). Stimuli that
were shown at the periphery triggered illusions in all conditions with similar eﬃciency. This
may suggest that LCD monitors are appropriate for tasks that require precise and brief
stimulus presentation even in the case of special features like the illusions mentioned
earlier.
The decrease in the ratio of correct answers in the fusion condition (two ﬂashes with one
tone) was clearly visible, although statistical analysis found no signiﬁcant diﬀerence, except
between the ratio of correct answers of Condition 2 (one ﬂash with one tone) and fusion
condition in case of the CRT monitor. Using the LCD monitor, we found no signiﬁcant
diﬀerences between the fusion condition and the other conditions, but the decrease in the
ratio of correct answers was clearly visible. This suggests that the fusion illusion was not
elicited in most of the subjects either by the use of the CRT or the LCD monitors. There are a
few possible explanations for this. The lack of signiﬁcant diﬀerence or the absence of elicited
fusion illusion may have been caused by the low number of subjects participating in the
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study. Further investigation with a greater number of subjects may help us ﬁnd an answer to
the question. In addition, previous ﬁndings have shown that the double ﬂash illusion is a
highly robust illusion (Shams et al., 2000) compared with the fusion illusion. Mishra,
Martinez, & Hillyard (2008) have reported that the behavioural performance of subjects
varies widely, and fusion illusion was not even reported by many participants.
The method of sum of frames (SOF) is often used to calculate the duration of stimuli in
visual research. However, this method has been criticized (Elze, 2010b) and found
inappropriate to brief stimulus presentation in either types of monitors. Although the
calculated and the actual durations of the presented stimuli diﬀer in both types of
monitors, we found no signiﬁcant diﬀerence between the two types of monitors in our
study: the double ﬂash illusion appeared, and in all conditions the subjects showed the
same ratio of correct answers. Our results of the study with ﬂicker illusion also suggest
that despite the fundamentally diﬀerent technical background and the inappropriateness of
the method of SOF for the used tasks, the use of LCD monitors in visual research seems to
provide valid results.
There are many paradigms that require precise timing and accurate presentation of the
visual stimuli, for example, repetition blindness, attentional blinking or fast categorization
paradigm (Kanwisher, 1987; Raymond, Shapiro, & Arnell et al., 1992; Thorpe, Fize, &
Marlot, 1996). The comparison of the two types of monitors that we used for these
paradigms was absolutely useful. Visual stimulus presentation has many diﬀerent
dimensions and temporal aspect is only one of them. To propose that LCDs could replace
CRT monitors, further studies are needed to evaluate the suitability of LCD monitors
regarding displaying contrast, motion or colour accuracy. In conclusion, by using two
paradigms that demand high temporal sensitivity, contrast sensitivity and by using the key
stimulus (inducer) at the periphery, we found that LCD monitors might be useful for stimulus
display even in this demanding situation.
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